To investigate the interaction between magnetic domain walls and defects in an electrical steel sheet by transmission electron microscopy, size-controlled holes were artificially introduced into specimens by a focused ion beam. By applying an external magnetic field in a transmission electron microscope, the magnetic domain structures around the holes were dynamically observed by Lorentz microscopy. Similar magnetic domain structures were observed around the holes, but the domain-wall pinning strength was found to depend on the hole size. Micromagnetic analysis was performed to ascertain the magnetic domain structures around the holes and to investigate the change in the magnetic energy during domain-wall pinning.
Introduction
Electrical steel sheets are a soft magnetic material that have a high permeability and a low coercive force. Consequently, they have been widely used in many devices including as magnetic cores in motors and transformers. To reduce the power consumption of such devices, it is important to reduce their energy loss in electrical steel sheets. One source of energy loss is the interaction between magnetic domain walls and defects. Transmission electron microscopy (TEM) can be used to observe both microstructures and magnetic domain structures at high magnifications. Using a recently developed magnetizing system for in-situ Lorentz microscopy with TEM, 1, 2) it is now possible to observe the motion of a magnetic domain wall in a dynamic magnetic field.
3) Since the magnetic domain structure is sensitive to the size and crystallographic orientation of defects in TEM specimens, it is necessary to control these parameters in order to perform a systematic TEM investigation of the interactions between magnetic domain walls and defects such as precipitates.
In this study, size-controlled holes were artificially introduced into TEM specimens by a focused ion beam (FIB) in order to systematically investigate the interaction between a magnetic domain wall and holes. Surface-damagefree specimens were prepared using a scanning electron microscopy (SEM)/FIB multibeam system. The change in the magnetic domain structure as the magnetic domain wall passed across the hole was observed dynamically by Lorentz microscopy. Micromagnetic analysis was also performed to interpret the observation results and to assess the change in the magnetic energies during the interactions.
Experimental Procedure
TEM specimens were prepared from a doubly oriented electrical steel sheet, which has a {100} h001i crystallographic texture and is highly anisotropic with two easy magnetization axes in the sheet plane. 4) Figure 1 (a) shows the shape and crystallographic orientation of a TEM specimen. Utilizing the FIB function of a JIB-4500 Multi Beam System, which has a gallium-ion gun for generating a FIB and an electron gun for SEM, small pieces were cut from the electrical steel sheet and they were fixed on collodionsupporting films of TEM microgrids. Each piece had dimensions of 1.2 µm © 6.0 µm © 0.15 µm and the crystallographic orientations of the [001] and [110] directions lie along the long and short sides of the piece, respectively. The pieces contain no grain boundaries. Under these conditions, 180°magnetic domain walls tend to appear near the center of the specimen. After attaching the pieces to the microgrids, each specimen was reinserted in the FIB system to produce size-controlled holes. The holes were formed using a gallium ion beam. The hole position was controlled by SEM observation. Note that the SEM observation did not damage the specimen surfaces. Two specimens with 140 and 340 nm diameter holes were prepared. Figure 1(b) shows a SEM image of the specimen with a 340 nm diameter hole.
Magnetic domain structures were observed by Lorentz microscopy using a JEM-3000F transmission electron microscope. A Lorentz lens and a magnetizing system were installed in this microscope. 2, 5, 6) In the magnetized state, a horizontal magnetic field is applied to a thin specimen by a 
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Graduate Student, Tohoku University +2 small electromagnet in the specimen holder. The domain-wall pinning process under an alternating magnetic field was observed using a video camera. To observe the magnetic domain structure in detail, Lorentz micrographs under a direct-current magnetic field were recorded by a slow-scan CCD camera. A micromagnetic simulation was performed using the LLG Micromagnetics Simulator software 7) to investigate the magnetic domain structure and the magnetic energy. The crystallographic orientation of the model was the same as that of the specimen. The model had dimensions of 2.4 µm © 1.2 µm © 0.1 µm and contained 60, 100 and 200 nm square holes. The magnetic domain wall is pinned in Fig. 2(b) and it becomes curved around the hole in Fig. 2(c) . The magnetic domain wall then leaves the hole (Fig. 2(d) ).
Results and Discussion
To investigate the magnetic domain walls in detail, magnetic domain structures under a direct-current magnetic field were recorded by a slow-scan CCD camera. Figures 3(a) and 3(c) show Lorentz micrographs of specimens with 140 and 340 nm diameter holes under a directcurrent magnetic field, respectively. The direction of the applied field is indicated in the top right of column (i). When the external magnetic field was increased from 0 to 0.95 kA/m, the magnetic domain wall was pinned at the hole; it left the hole when an external field of 2.7 kA/m was applied ( Fig. 3(a) ). wheels in these figures indicate the local magnetization directions. These figures clearly show that magnetic domains with opposite magnetization directions appear on either side of the holes in magnetic domain-wall pinning. These magnetic domain structures are considered to suppress the appearance of magnetic poles on the hole surfaces. In both cases, the simulated magnetic domain structures around the holes are consistent with the experimentally observed images. The morphologies of magnetic domain structures around different sized holes eventually become similar. Here, we discuss the domain-wall pinning strength. Since the magnetic domain-wall motion was dynamically recorded, the external magnetic field range from the occurrence of domain-wall pinning to release of the domain wall could be evaluated for the two holes. The magnetic field ranges are 1.7 and 1.9 kA/m for holes with diameters of 140 and 340 nm, respectively. This difference indicates that the magnetic domain wall is pinned more strongly at the larger hole.
The magnetic energy, which consists of exchange, anisotropy, and demagnetization field energies, generated by the domain-wall pinning process is calculated by the LLG Micromagnetics Simulator. Figure 4 shows the relation between these energies as a function of the external magnetic field. The red, blue and green lines correspond to 60, 100 and 200 nm square holes, respectively. In all three cases, the magnetic domain walls are pinned in the blue region. On the other hand, in the green region, domain-wall pinning occurs only in the case of the 200 nm square hole. The calculation results reveal that when the magnetic domain wall is far from the hole, all three energies are larger than those for a bigger hole. In contrast, when the magnetic domain wall is pinned at the hole, the energy is smaller for the bigger hole. Figure 5(a) shows the relation between the applied magnetic field and the internal energy (i.e., the sum of the exchange, anisotropy, and demagnetization energies). Figure 5(b) shows the local internal energy in the blue region. In this region, the total internal energy decreases with increasing hole diameter during the domain-wall pinning process. This indicates that the magnetic domain wall is more stable at a bigger hole, which agrees with the experimental results. 
Conclusion
The interactions between the magnetic domain wall and artificially introduced holes in an electrical steel sheet were investigated by Lorentz microscopy. The findings are summarized below:
(1) Magnetic domain structures around different sized holes have similar shapes, whereas the domain-wall pinning strength is greater at bigger holes. (2) The line shape of the magnetic domain wall and the magnetizing direction of the magnetic domains around the holes can be explained in terms of minimization of the demagnetization field and the suppression of the appearance of magnetic poles. (3) Micromagnetic simulations clarified the detailed magnetization distribution around the holes and the changes in the magnetic energies during the pinning process are consistent with the Lorentz microscopy observations.
